INTRODUCTION
stitutions, Ser431Phe and Ala302Ser, in the Drosophila Ace paralogous acetylcholinesterase (AP-AChE) genes from pirimicarb-resistant A. gossypii. The position of Ser431Phe corresponds to one of 14 aromatic residues lining the active site gorge and is located in the acyl pocket. This substitution proved common in the green peach aphid, Myzus persicae (Nabeshima et al., 2003) . Benting and Nauen (2004) showed that recombinantly expressed AChE from A. gossypii carrying the Ser431Phe mutation was insensitive to pirimicarb. On the other hand, Ala302Ser is an unexampled substitution and is located at one of the three residues which form the oxyanion hole in the active site of AChE (Toda et al., 2004) . This substitution was inferred to be responsible for insensitivity to organophosphorus insecticides (Andrews et al., 2004; Toda et al., 2004) .
In Japan, field populations of this species have highly developed pirimicarb resistance, and the frequency of susceptible aphids has been thought to be extremely low (Taniguchi, 1987; Souda and Ohkubo, 1992) . Thus, pirimicarb has been only rarely sprayed to control A. gossypii in Japanese orchards. Saito (1995) suggested the possibility that the pirimicarb-resistant population was already widely distributed in Japan when the use of pirimicarb began. However, it is not known whether pirimicarb-resistant aphids are common in field populations afterwards. Although the dynamics of allele frequencies involved with pyrethroid resistance have been ever investigated using molecular diagnostics in some insect pests (Jamroz et al., 1998; Zamoum et al., 2005) , until now there have been no studies on pirimicarb-resistant alleles which result from point mutation in AChE in field populations of A. gossypii or any other species.
Molecular diagnostics is a powerful tool for detecting resistant individuals precisely and rapidly, and for determining the frequencies of resistant alleles in field populations. Several PCR-based methods are applicable to detection of the point mutations which are responsible for insecticide resistance: PCR-RFLP (Hawkes et al., 2005) , allele-specific PCR Zamoum et al., 2005) and real-time PCR (Kwon et al., 2004) .
In this study, we developed simpler and faster molecular diagnostics for determinating two point mutations on the acetylcholinesterase gene in the cotton aphid and investigated the frequencies of al-leles including Ser432Phe and/or Ala302Ser mutations in aphids collected from Japanese orchards.
MATERIALS AND METHODS
DNA sequence data and aphids. The DNA sequence data of AP-AChE gene of A. gossypii submitted to the DNA databank (DDBJ) by Toda et al. (2004) , were used for the development of our diagnostic methods. The data from three Japanese laboratory strains were used. Clone S (accession number: AB158637) is a strain susceptible to carbamates and organophosphates which is homozygous for Ser431 and Ala302. Clones GSM (AB158640) and H-16 (AB158638) are highly resistant to carbamates and exhibited more than 600 times higher LC 50 than clone S (Suzuki and Hama, 1994) . GSM is homozygous for Phe431 and Ala302. H-16 is heterozygous for both substitution sites. The origin and sensitivity to insecticides of these clones were explained in detail by Suzuki et al. (1993) and Suzuki and Hama (1994) . Parthenogenetic adult females of these three strains maintained under laboratory conditions (Toda et al., 2004) were used to confirm whether theoretical band patterns expected from sequence data are in fact reproduced by each molecular diagnostic test.
Aphids were collected from orchards of Japanese pear and/or Satsuma mandarin in Tottori, Ehime and Nagasaki Prefectures. Sampling data is shown in Table 1 . No insecticides had been sprayed in the collection sites except for population E. Nineteen to 39 colonies were collected three times every 7-10 days in the period of May through June in 2001 and/or 2003 and then tested. Only one parthenogenetic female per colony was used for genotyping, since it was revealed that a colony consisted of genetically identical clones (Komazaki et al., unpublished) .
DNA extraction. DNA for the PCR template was extracted individually from apterous parthenogenetic female adults of three laboratory strains and from all field populations. Single aphids were homogenized in 50 ml of lysis buffer (100 mM Tris-HCl (pH 7.5), 100 mM EDTA (pH 7.5), 1% sodium dodecyl sulfate (SDS), 20 mg proteinase K) and incubated for 30 min at 65°C. The lysate was extracted twice with one volume of TE-saturated phenol/chloroform/isoamyl alcohol (25 : 24 : 1). DNA was precipitated with ethanol, resuspended in dis-tilled water at 50 ng/ml and stored at Ϫ20°C.
PCR-RFLP for detecting the Ser431Phe and Ala302Ser mutations. The 897 bp region, including both Ser431Phe and Ala302Ser mutation sites was PCR-amplified using the two allele nonspecific primers, AgAce2B (5Ј-TATAAACGTAG-TAGTGCCAAGG-3Ј) (Toda et al., 2004) and AgAce2G (5Ј-CCGACCATTTTGTCCAAAGCG-TTT-3Ј) which was newly designed in this study. The PCR program in a DNA thermal cycler (DNA Thermal Cycler 9600, PE Applied Biosystems) was 95°C for 9 min as a preheat step, followed by 40 cycles at 94°C for 30 s, 55°C for 30 s and 72°C for 30 s, and 72°C for 7 min for final extension. PCR was performed in a reaction volume of 20 ml, containing 20 pmol of each primer, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 0.25 mM of each dNTP and 0.5 unit of Taq-polymerase (AmpliTaq Gold TM , PE Applied Biosystems). The PCR product was then divided into two new tubes. Zero point five unit of SspI and HaeIII, which recognize wild-type codons for Ser431Phe and Ala302Ser, respectively, were added to each tube with 1 ml of their optimal buffer. Andrews et al. (2004) pointed out that NaeI is capable of detecting Ala302Ser; however we used the lower-priced HaeIII, which has an identical recognition sequence to NaeI. They were incubated for at least two hours at 37°C. The digested products were separated in 2.0% agarose gel in TAE buffer, and visualized under ultraviolet light after staining with ethidium bromide. Genotyping of samples collected from Japanese pear and Satsuma mandarin orchards in Japan was carried out using this method.
PASA method for detecting the Ser431Phe mutation. Allele-specific PCR was performed using three primers: the above two allele non-specific primers and a resistant allele-specific sense primer (5Ј-GCTCCGTCAAATAATAAAATATRA-3Ј). The 3Ј end base of this third primer is specific to the resistant allele. The PCR program was 95°C for 9 min as the preheat step, followed by 35 cycles at 94°C for 30 s, 52°C for 30 s, 72°C for 1 min, and 72°C for 7 min for final extension. PCR was performed in a reaction volume of 20 ml, containing 20 pmol of each primer, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 0.25 mM of each dNTP and 0.5 unit of Taq-polymerase (AmpliTaq Gold TM , PE Applied Biosystems). This method was used for the genotyping of samples from the D-1 population; the results were compared with those from the PCR-RFLP analysis.
RESULTS

Diagnostic methods for the two point mutations
The gel electrophoresis profiles of PCR-RFLP employed to detect the Ser431Phe and the Ala302Ser mutations are shown in Fig. 1A and B , respectively. Two allele non-specific primers successfully produced 897 bp fragments in all the sam- ples. In the S strain, it was cut into two fragments by SspI (702 and 195 bp) and HaeIII (586 and 311 bp) (lane 1 in Fig. 1A and B ). GSM was digested by HaeIII (lane 3 in Fig. 1B) , but not by SspI (lane 3 in Fig. 1A) . In contrast, H-16 displayed a combined pattern in both digestions (lane 2 in Fig. 1A and B) , showing that the Ace gene of H-16 is heterozygous. Although digestion by both endonucleases was sometimes incomplete, the genotypes were readily distinguishable. Figure 2 shows the electrophoresis profile of PASA for detection of the Ser431Phe substitution on AP-AChE of A. gossypii. The bands in lanes 1, 2 and 3 were amplified from genome DNAs of S, H-16 and GSM strains, respectively. Because of the perfect match between the array and the template DNA sequence, the allele-nonspecific forward primer has a competitive advantage over the mismatched allele-specific forward primer during PCR amplification. Since the S strain does not have Phe431, only an 897 bp fragment was amplified by allele non-specific primers. In contrast, the allelespecific shorter fragments were efficiently amplified in preference to the longer fragments when the allele-specific primer matched the template allele. In GSM, a 722 bp fragment was produced by allele non-specific sense primer and allele specific primer. H-16 with both resistant and susceptible alleles, reproduced both fragments. Although a part of the 897 bp fragment was sometimes reproduced in Phe431 homozygous aphids, it was present only at very low levels, making it clearly distinguishable from that in aphids which have Ser431. PASA analysis using D-1 population samples gave the same result as PCR-RFLP analysis (data not shown).
Allele frequencies in field populations
Genotyping was carried out using PCR-RFLP. Among the 419 aphids analyzed, the predicted RFLP patterns were obtained from 408 samples. No fragments were obtained from 11 samples, so these were excluded from analysis. Table 2 shows the frequencies of AP-AChE genotypes and pirimicarb resistant phenotype in each population. Among the nine possible genotypes, eight were found in the field populations. The composition of AChE genotypes differed greatly among local populations and varied in the same population with the elapse of time. Since clones with the Phe431 residue showed pirimicarb resistance (Suzuki and Hama, 1994; Toda et al., 2004) , the frequencies of the pirimicarb-resistant aphids were calculated by summing the number of Phe431 homozygote and heterozygote aphids. It was therefore estimated that the frequencies of pirimicarb-resistant colonies varied from 0.242 to 1. The Ala302Ser mutation was also detected in most populations at high frequencies. Although this mutation was usually found in tandem with Ser431Phe, we found several individuals which had the Ala302Ser but not the Ser431Phe mutation (Table 2) . No characteristic trend was detected, however, in the frequencies of AChE genotype between samples collected from Japanese pear and Satsuma mandarin fields. 
DISCUSSION
In this study, we developed two simple genetic diagnosis methods for detecting the two point mutations in the AP-AChE gene of A. gossypii. The PCR-RFLP method enabled efficient detection of Ser431Phe and Ala302Ser mutations by using the common PCR products. PASA analysis for detecting the Ser431Phe mutation allowed simpler and faster discrimination of the three genotypes. This method has the clear advantage of simplicity when investigating only the frequency of pirimicarb-resistant aphids. These methods allowed us to measure in precise detail the frequency of insecticide resistance genes in field populations.
The genotypic composition in field populations has changed greatly with the passage of time. A. gossypii utilize a wide range of host plants and moves between them throughout the year (Inaizumi, 1981; Takada, 1988) . The populations on citrus and pear occur only when the shoots are developing in spring and autumn, although a proportion of holocyclic clones of this species can utilize citrus trees as their primary host (Komazaki et al., 1979) . Outside these periods, many A. gossypii clones reproduce on weeds, vegetables and primary hosts (Komazaki, 1994; Nakamura et al., 1999) . Furthermore, A. gossypii reproduce parthenogenetically during the season of our investigation. Therefore, it is considered that the change in genotypic composition observed in our study was greatly affected by the migration of winged parthenogenetic females to/from other host plants both inside and outside of orchards.
Our result showed that the frequency of pirimicarb-resistant clones was high in most populations, although pirimicarb and other N,N-dimethyl carbamates have not been used in the test areas for a long time. It is known that insecticide-resistant insects often have a reproductive disadvantage in the absence of insecticide (McKenzie, 1996) . However, Ser431Phe substitution is unlikely to cause a disadvantage in fitness to pirimicarb-resistant clones, since this residue position is normally phenylalanine or tryptophan in most known AChEs, including vertebrates (Phe331 in the standard reference position number in Torpedo californica AChE). The substitution from phenylalanine to serine has been caused only in aphids (Andrews et al., 2004) . That is, Phe431 is the 'wild type'. Moreover, Villatte et al. (1999) revealed that when a mixed population containing 50% of pirimicarb-susceptible (S) and 50% of resistant (R) cotton aphids were reared without insecticide treatment, the frequency of R On the other hand, our results also suggest that pirimicarb-resistant aphids do not always constitute a large portion in the local populations in Japan. Notably, 74.2-75.8% of colonies were susceptible in the first two collections in population C (Table  2) . Villatte et al. (1999) revealed that pirimicarb-resistant A. gossypii shows negative cross-resistance to carbofuran and bendiocarb. Benting and Nauen (2004) showed that recombinantly expressed AChE from A. gossypii carrying the Ser431Phe mutation is insensitive to pirimicarb and omethoate, but sensitive to demeton-S-methyl and hypersensitive to carbofuran. Ser431Phe is also related to negative cross-resistance with dichlorvos in M. persicae (Nabeshima, unpublished) . Although it is highly unlikely that demeton-S-methyl and carbofuran have been used in and around our collection sites, at least dichlorvos has been used for controlling vegetable pest insects. This history might therefore affect the frequent detection of pirimicarb susceptible aphids in some areas.
Although no relationship has been demonstrated between insecticide resistance and Ala302Ser substitution, it is likely that this substitution plays a role in broader resistance to organophosphates (Andrews et al., 2004; Toda et al., 2004) . In this study, we found that field populations have frequently held Ala302Ser substitution as well as Ser431Phe. Andrews et al. (2004) was unable to find any aphids which have the Ala302Ser mutation without Ser431Phe, and suggested that Ala302Ser mutation is only found in tandem with Ser431Phe. Andrews et al. (2004) predicted that the Ala302Ser mutation is only found in tandem with Ser431Phe. This is because, judging from the enzymatic kinetics data of Moores et al. (1996) , it was expected that the enzyme with the Ala302Ser mutation without Ser431Phe might not be viable. In this study, however, we found some individuals with Ser302 but not Phe431, suggesting that the aphids having only Ala302Ser substitution do not suffer any serious disadvantages in viability. To clarify the significance of Ala302Ser substitution as to insecticide resistance and fitness cost, it is necessary to establish a strain which has Ala302Ser but not Ser431Phe and investigate its features in detail.
This study is the first report to monitor the frequency of an insecticide-resistant gene in field populations of A. gossypii. Our results suggest that molecular diagnostics are a potentially powerful tool for efficient control of this species. Since the registration of pirimicarb as an agricultural chemical has expired in Japan, our results cannot be applied to the control of A. gossypii in Japanese orchards. They are, however, usable in other countries in which this insecticide is registered. Moreover, when the effect of Ala302Ser substitution on insecticide resistance is clarified, our diagnostic procedures are likely to assist in the effective control and resistance management of A. gossypii.
